Theobroxide has been isolated from culture filtrates of Lasiodiplodia theobromae as a potato tuber-inducing compound. In this study, the metabolism of theobroxide was investigated using cowpea as an experimental model and [ 2 H 3 -7]theobroxide as a substrate for analyzing a metabolite, which revealed that theobroxide applied exogenously to the roots was converted into 3-O--D-glucopyranosyltheobroxide.
Theobroxide (1, Figure 1 ) was initially isolated from Lasiodiplodia theobromae as a tuber-inducing compound [1] and was later found to exhibit other unique activities, such as stimulating morning glory flowering [2] [3] [4] and triggering of ABA accumulation [5] . Because the amount of theobroxide isolated from the culture filtrate of L. theobromae is relatively high and the compound has acceptable solubility in H 2 O, we thought that it might be utilized as a plant chemical activator. In order to determine whether theobroxide can be used as a plant chemical activator, it is necessary to characterize its toxicity, metabolic pathway, transport capability, and residual performance. In this study, we examined the metabolite of theobroxide in cowpea (Vigna unguiculata) using [ 2 H 3 -7]theobroxide (2, Figure 1 ) as a substrate. We found that theobroxide (1) applied exogenously to the roots of cowpea was converted to 3-O--D-glucopyranosyltheobroxide (3) .
In order to check the impact of theobroxide on the growth of cowpea, the seeds were sown in Jiffy-7 ( 42 mm) pots that had been treated with a 1 mM aqueous solution of theobroxide (1, 30 mL/pot). The plants were grown in a greenhouse for 3 weeks. We observed that theobroxide treatment induced differences in the plants' appearance. For example, the theobroxide-treated plants were shorter (Supplementary Figure S1A Figure S1C ). Thus, theobroxide had a biological impact when applied to the cowpea plant. Because the cowpea exhibited a response to theobroxide treatment, we hypothesized that it was transported into the plant body to give biological impacts.
To examine the metabolite of theobroxide in cowpea, the seeds received the same treatment as mentioned above, and, after 3 weeks, the aerial parts of the plants were harvested. The plant material was roughly purified for UPLC time-of-flight (Tof) MS analysis [6] . A portion of the prepared solution was subjected to UPLC Tof MS, the data of which were analyzed by principal component analysis (PCA). It was found that the deprotonated molecular ion m/z 363.1430 [M-H]was distinguishable at the highest value of significance compared with those of non-treated plants, which suggested that the ion was derived from a metabolite of theobroxide (1). To confirm whether this ion was derived from the metabolite of theobroxide (1), [ 2 H 3 -7]theobroxide (2) was applied to the cowpea seedlings instead of theobroxide (1) . A representative total ion chromatogram (TIC) after applying theobroxide (1) is given in Figure 2A , from which the m/z 363.1430 was extracted ( Figure 2B ). A representative TIC for the application of [ 2 H 3 -7]theobroxide (2) is given in Figure 2C , from which m/z 363.1430 and 366.1485 were extracted ( Figure 2D and 2E, respectively). Because the deprotonated molecular ion m/z 366.1485 was extracted from the TIC chromatogram shown in Figure 2E , but not that of m/z 363.1430 ( Figure 2D ), we concluded that the deprotonated molecular ion of m/z 363.1430 appearing in Figure 2B was derived from the metabolite of theobroxide.
As the next experimental step, we applied 1.7 g of theobroxide to a total of 400 cowpea plants with the goal of isolating the metabolite. At every purification step, the fractions were subjected to UPLC Tof MS to identify the fraction containing the target compound. Thus, we determined that theobroxide (1) was part of the structure of compound 3, and this conclusion was further supported by the cross peaks in correlated spectroscopy (COSY) (Supplementary Figure S4 ), heteronuclear multiple quantum coherence (HMQC) spectra (Supplementary Figure S5 according to usual methods. The connectivity of the protons derived from the tetra-acetyl glucose moiety of 4 was established based on the 1 H NMR and COSY data, and the coupling constant values for H-1', H-2', H-3', and H-4' in the 1 H NMR spectrum indicated that all these protons had axial positions. The connectivity of the aglycone and glucose moieties of 3 was determined by HMBC ( Supplementary Figure S6) . Noticeable cross peaks are given in Figure 3 . Accordingly, the isolated metabolite was determined to be 3-O--D-glucopyranosyltheobroxide (3) In this study, it was found that theobroxide had a biological impact on the growth of cowpea ( Supplementary Figure 1) , and we revealed that theobroxide (1) was metabolized to 3-O--Dglucopyranosyltheobroxide (3). Our ultimate goal is to determine whether theobroxide can be used as a plant growth activator for agricultural purposes. To accomplish this, we need to characterize its toxicity, residual performance, and validity in the field. Preliminary field experiments were made based on a report that suggested a potato-tuber-inducing property of theobroxide (1) [1] . We completed field experiments in 2002 (Supplementary Figure  S7) and 2006 (Supplementary Figure S8) , in which higher yields of potato tubers were obtained when plants were treated with theobroxide (1). However, we could not perform statistical analyses due to the limited availability of theobroxide (1) . Therefore, these data do not conclusively demonstrate that theobroxide (1) is useful for agricultural purposes, although this remains an important possibility. Therefore, further research should be performed on the utility of theobroxide (1) in agriculture.
Experimental
General: EI-and HR-ESI-MS data were obtained using a JEOL JMS-AX500 mass spectrometer, and FD-MS using a JEOL T100GCV. 1 
Plant material:
In order to check the impact of theobroxide toward growth of cowpea, the seeds were sown in Jiffy-7 ( 42 mm) pots that had been treated with a 1 mM aqueous solution of theobroxide (1, 30 mL/pot). The plants were grown in a greenhouse for 3 weeks. A 500-fold dilution of Hyponex was added once per week for nutrition.
Chlorophyll measurement: The chlorophyll content was measured according to a previously reported method [7] .
UPLC Tof MS conditions:
The conditions were configured according to a previous study [8] . PCA analysis was made using MarkerLynx Applications Manager software version 4.1 (Waters Corp., Manchester, UK). (2) was synthesized as previously reported [9] , except for the use of CD 3 I as a deuterium source. 
Synthesis of [ 2 H 3 -7]theobroxide (2): [ 2 H 3 -7]Theobroxide

Isolation of 3-O--D-glucopyranosyltheobroxide (3):
Seeds of cowpea were sown in culture soil (ca. 25 mL/1 plant, Hokkai Sankyo Co. Ltd.) and provided with aqueous theobroxide solution (1 mM, ca. 30 mL /1 plant) after 3 weeks. The plant grew in a green house for one more week. A 500-fold dilution of Hyponex was added once a week for nutrition. Aerial parts (2.5 kg) of 400 cowpea plants were harvested and soaked in a mixed solvent (13 L) composed of MeOH: H 2 O =1:1 for 48 h. The extract was filtered through filter paper, and the volatile components of the extract were evaporated under reduced pressure to give a residue. This was mixed with H 2 O (0.6 L) to which was added EtOH (2.4 L), and the mixture was left at 4 o C for 2 days. The supernatant was filtered through filter paper, and the volatile components of the extract were removed under reduced pressure to give a residue. This was subjected to DIAION HP 20 (1 kg) column chromatography (CC) eluted by H 2 O (0.5 L), H 2 O:MeOH (1:1, 3 L), and MeOH (0.5 L), successively. The eluate of H 2 O:MeOH (1:1) was evaporated to afford a brown colored residue, which was subjected to Sephadex LH-20 (700g, H 2 O: MeOH=1:1) CC to give a fraction containing the target compound. The fraction was evaporated under reduced pressure to give a residue (2.2 g), which was subjected to silica gel (200g) CC eluted using a solvent system of MeOH:CHCl 3 (3:7) to give a fraction containing the target compound. The fraction containing this compound was further purified using HPLC, YMC-Pack ODS-AM (10 x 300 mm, 1.5 mL/min, 210 nm), eluted using MeOH:H 2 O in gradient mode from 10% to 90% MeOH:H 2 O for 30 min to give a fraction containing the target compound. The fraction containing this was further purified using HPLC, YMC-Pack ODS-AM (10 x 300 mm, 1.5 mL/min, 210 nm), eluted with MeOH:H 2 O in gradient mode from 10% to 75% MeOH:H 2 O for 70 min to give a fraction containing the target compound. Finally, the fraction containing the target compound was further purified using HPLC, YMC-Pack ODS-AM (10 x 300 mm, 1.5 mL/min, 210 nm), eluted with 10% MeOH:H 2 O to give 3-O--D-glucopyranosyltheobroxide (3, 2.4 mg). 
3-O--D-Glucopyranosyltheobroxide
Synthesis of compound 4:
To a stirred mixture of 3-O--Dglucopyranosyltheobroxide (3, 2 mg) in pyridine (1 mL) was added acetic anhydride (0.5 mL), and the reaction mixture was further stirred for 24 h at r.t. Usual work-up was employed to give compound 4, quantitatively. Supplementary data: Biological impacts, 1 H, 13 C, COSY, HMQC, and HMBC of theobroxide (1) , and the effect of theobroxide (1) treatment upon potato (Solanum tuberosum) grown in the fields are also available.
